Employing multiple chamber pressure recording techniques, the presence of fibers within the right and left cervical vagosympathetic trunks which innervate both right and left ventricles has been demonstrated. Electrical excitation of the cervical vagosympathetic in the atropinized dog elicited a distinct increase in both rate of rise and in maximal systolic intraventricular pressures, with or without cardiac acceleration. It persisted during electrical pacing of the right ventricle. In many animals, the a-wave of the atrial pressure traces also showed augmentation, but this was not consistent or essential for the ventricular response. Although pulmonary vasoconstriction was not ruled out as a concurrent event, its contribution to right ventricular augmentation was not essential as demonstrated in bilateral, isovolumetric ventricular preparations. The evidence indicates the presence of adrenergic fibers in the cervical vagosympathetic trunk which are distributed to all four cardiac chambers. Their effects on the heart are abolished by the /3-blocking agent, propranolol, and are unaffected by eserine administration.
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• In a recent comprehensive survey of the literature, DeGeest et al. (1) cited approximately an equal number of reports which concluded that the vagus nerves have little or no influence on ventricular contractility and those which proposed a negative inotropic effect. In their own experiments, De-Geest and his collaborators demonstrated conclusively that in the paced, isovolumetric left ventricle, vagal stimulation evokes a Accepted for publication March 23, 1967. reduction in left ventricular pressure, and further demonstrated that the vagus may play a definite role in the regulation of contractility of the mammalian left ventricle (2) (3) (4) (5) . Middleton and his associates have reported augmented contractility in the atropinized, isolated heart during vagal stimulation and during acetylcholine infusions, implicating excitation of intracardiac sympathetic structures by liberated acetylcholine (6, 7) . Similar observations have been reported by others (8, 9) , most recently by Hollenberg et al. (10) . The presence of cardioaccelerator fibers in the cervical vagus has been thoroughly documented (11) (12) (13) (14) . Thus, although conventional teaching emphasizes the profound depressant effects of the vagi upon mammalian pacemaker cells, conduction system, and atrial muscle, there is ample indication in the literature of a direct inhibi-535 tory action on many parts of the heart. However, evidence for vagosympathetic fibers having direct positive inotropic influences upon the ventricular myocardium is indirect or cited only as a hypothetical possibility (15) . Further, we have been unable to locate studies which separately, but simultaneously, examine the responses of each individual chamber to excitation of the vagosympathetic trunks. Since we have repeatedly observed marked differences in distribution of sympathetic cardiac nerves to the four chambers, it appeared reasonable to anticipate comparable variability in distribution of vagosympathetic nerve fibers. This report will describe the alterations in dynamic responses of each of the four chambers during electrical stimulation of the distal ends of the cut vagosympathetic trunk after cholinergic blockade by atropine.
Methods
Pressures were recorded from each of the four chambers in 28 open-chest dogs anesthetized with 1-(1-phenylcyclohexyl) piperidine hydrochloride 1 (2 mg/kg), alpha chloralose (60 to 80 mg/kg), and atropine (0.5 mg/kg) given intravenously. Special cannulas (16) which avoid artifacts from catheter "whip" were connected to Statham P23Db or P23G transducers and recordings made on an Offner Model R Dynograph. Frequency response characteristics of the entire system were faithful to 125 cycle/ sec. Central arterial blood pressure and ECG (Lead n) were also recorded, together with amplified recordings of diastolic pressures in each of the ventricles. In nine experiments, isovolumetric recording from each of the ventricles was achieved by application of a Satinsky clamp at the atrioventricular junction which occluded the atrioventricular orifices, the aorta and the pulmonary artery during the period of vagal stimulation. The only alteration in ventricular volume during the cross-clamping procedure was by way of thebesian drainage, but since the coronary inflow was also prevented by the clamp, volume changes were undoubtedly negligible. The vagosympathetic trunk was stimulated by bipolar electrodes and an AEL model 104 square wave generator. Individual stimu-JSernylan was furnished by Parke, Davis and Company.
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lating pulses were of 5-msec duration, 10 to 20 cycle/ sec, and 1.0 to 5.0 volts intensity; all stimulations were continuously monitored on a cathode ray oscilloscope. Figure 1 illustrates, by both fast and slow recordings, pressures in the four cardiac chambers during electrical excitation of the distal end of the sectioned vagosympathetic trunk in the atropinized dog. The time of each selected segment from the original continuous record is indicated between the right atrial and ventricular tracings. With the onset of stimulation (signal at top), systolic pressure increased within 2 sec in both ventricles, with very little alteration in heart rate; the pressure increased 10 mm Hg in the right ventricle and 15 mm Hg in the left ventricle. There was simultaneous increase in maximum amplitude of the pressure pulse recorded from the right and left atria although this was obscured by a respiratory cycle in the segment taken at 1 min. Individual ventricular pressure pulses revealed a significant increase in rate of rise in intraventricular pressure (dP/dt) from 0.70 to 1.04 mm Hg/msec in the right ventricle and from 1.80 to 2.30 mm Hg/msec in left ventricle. The duration of systole, as measured from the beginning of pressure rise in the ventricle to the time of semilunar valve closure (noted from the arterial pressure pulse tracing) was shortened from 180 to 160 msec, while the duration of diastole was correspondingly lengthened. Similar measurements during stimulation of the left vagus revealed qualitatively similar functional changes. Vagal stimulation did not induce atrioventricular (A-V) blockade as shown by the presence of the P-wave in the ECG, and the a-wave in the atria remained in proper relation to ventricular systole.
Results
As shown in Figure 2 Four-chamber pressure recordings during electrical stimulation (30 cycle/sec, 5 msec, 5 volts) of the right and left vagosympathetics following atropine. The segments were selected from consecutive recordings starting with fast traces (marked 0") made under control conditions and terminating with recovery pulses 3 min and 48 sec (3'48") later. Stimulation is marked by the signal at the top of each panel. Pressures were recorded from the right atrium (RA), right ventricle (RV), left atrium (LA), left ventricle (LV), and from the carotid artery (BP). Stimulation artifact is shown on the ECG tracing at the bottom. The rate of rise in intraventricular pressure is illustrated by comparative slopes before, during and after stimulation of right and left vagi.
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FIGURE 2
Highly amplified recordings of right and left ventricular end-diastoUc pressures (RVEDP and LVEDP) together with individual chamber tracings as described in Figure 1 All of these changes in intracardiac pressures are qualitatively similar to those characteristically observed during electrical stimulation of the sympathetic cardiac nerves or during the administration of isoproterenol. Figure 3 illustrates another type of response to electrical excitation of the left and right vagosympathetics following a blocking dose of atropine. Alternate recordings of pulsatile and mean pressures were made in each chamber. During stimulation of the left trunk, right ventricular pressure showed a moderate augmentation while pressure in the left ventricle actually declined. The latter change in systolic pressure was simultaneously apparent in the carotid arterial pressure. Little if any change was observed in either right or left atrial pressures and heart rate was unchanged. During stimulation of the right trunk, marked augmentation appeared in both the right atrium and ventricle, again with concurrent decline in left ventricular systolic and systemic arterial pressure. Both atrial mean pressures rose approximately 1 mm Hg during the period of stimulation and heart rate increased from 185 to 221/min. All pressures returned slowly but progressively to control levels following cessation of stimulation.
Such differential responses in ventricular pressures were observed in 3 of 18 animals and could be explained by augmentation in contractility of the right ventricular musculature in response to an increase in afterload from constriction in the pulmonary vascular bed. Such constriction could simultaneously reduce filling of the left heart and thus account for reduced left ventricular and carotid arterial pressures. In the absence of pulmonary vasoconstriction, the decreased systolic pressure in the left ventricle and consequent decline in arterial blood pressure are difficult to explain since the action of atropine was apparently sufficient to totally block parasympathetic inhibitions of sino-atrial (S-A) nodal or atrial and right ventricular contractility.
To eliminate the potentially complicating effect of pulmonary vasoconstriction, a bilateral isovolumetric preparation was established by positioning a Satinsky clamp across the heart, precisely at the atrioventricular junction. When this was done, the two atria, aorta and pulmonary artery were completely isolated, and blood could neither enter nor leave the ventricles. The amplitude of the intraventricular pressure pulses then depended upon the volume of blood trapped within each ventricle and the force of contraction developed during each systole. Such crossclamping experiments were carried out re-
FIGURE 3
Multiple chamber recordings showing differential ventricular pressure responses to stimulation of the vagosympathetic trunks after atropine. Symbols as in Figure 1 . Alterations in both pulsatile and mean pressure are shown. Stimulating pukes were 20 cycle/sec, 5 msec, and 5 volts. 538 RANDALL, PRIOLA, PACE FIGURE 4 Intracardiac pressure recordings in the bilateral isovolumetric ventricle preparation during control (left) and vagosympathetic trunk stimulation (right). Period of stimulation (30 cycle/ sec, 5 msec, 5 volts) is indicated by signal marker at top, and a Satinsky clamp was applied along the atrioventricular junction, thus completely isolating the ventricles during the designated interval. All pressures in millimeters of mercury.
peatedly in each of 9 animals without serious deterioration of the preparation. In some, pulsatile and mean pressure were recorded from both pulmonary and carotid (or aorta) arteries, while in others only the latter was recorded. In the left panel of Figure 4 , aerial pressures were elevated sharply at closure of the clamp, and both atria became visibly distended with blood. Ventricular pressure pulses stabilized, while arterial pressure pulses completely disappeared. Heart rate slowed perceptibly toward the end of the 41-sec period of occlusion. Release of the clamp promptly restored pressures to control levels, often with overshoot in systolic pressure lasting for 30 to 60 sec and with corresponding elevations in arterial blood pressure. Heart rate returned slowly to control levels. The right panel illustrates alterations in pressures induced by electrical excitation of the left vagosympathetic trunk during the crossclamping procedure, and only a short time after the recordings shown in the left panel. Distinct augmentation in intraventricular pressure was promptly induced in both ventricles upon initiation of the stimulation, and this augmentation progressively dissipated upon cessation of stimulation. There can be little vascular removal of accumulated transmitter or metabolites during the period of clamping.
The clamp was not removed until after the augmentation in ventricular pressure had returned nearly to prestimulation levels. Ventricular diastolic pressures remained relatively unchanged throughout the cross-clamping and stimulation procedures, but became elevated immediately upon restoration of patency between atria and ventricles.
Since the inotropic alterations in intraventricular pressure were remarkably similar to those induced by stellate stimulation, the beta-blocking agent, propranolol (Inderal-), was administered to each of 8 animals after the successful demonstration of positive inotropism in response to vagosympathetic stimulation after atropine. The administration of 0.4 to 0.5 mg/kg of this compound frequently resulted in some deterioration in intraventricular pressures together with deceleration in heart rate. However, this dose was generally required to insure blockade. Panel A (Fig. 5 ) illustrates the influence of cross-clamping of the heart resulting in elevation in atrial pressures, reasonably stable ventricular pressures, and asystolic decline in systemic arterial pressure. Following clamping and stabilization of pressures, the right -Inderal was generously supplied by Ayerst Laboratories. vagosympathetic trunk was stimulated (panel B) with resultant augmentation in both right and left ventricular pressures, followed by progressive decline as soon as stimulation ceased. Immediately after this procedure, 0.4 /xg/kg isoproterenol (Isuprel) was injected intravenously producing marked augmentation in ventricular and arterial pressures. Propranolol (0.5 mg/kg) was then administered by slow intravenous injection, followed 1 min later by isoproterenol in a dosage identical to that previously employed. There was no significant response. (The isoproterenol experiments are not illustrated in Fig. 5 .) Panel C was recorded within 1 min after the test dose of isoproterenol and reveals the altered dynamic state of the intracardiac pressures. Electrical stimulation of the right vagosympathetic trunk under these circumstances failed completely to elicit an augmentor response in either ventricle. Pulmonary artery pressure is shown in each of the first two panels, but for technical reasons was not successfully recorded in panel C. Although the respiration pump artifact is evident, the OrcuUsio* Rtsercb. Vol. XX, Mmy 1967 disappearance of pressure pulses during application of the clamp is illustrated, and thus documents complete occlusion of the pulmonary artery.
There is some evidence that acetylcholine released by stimulation of cardiac preganglionic vagal fibers may cause excitation of intracardiac adrenergic structures (6, 7). If the cardiac augmentation observed in our experiments were the manifestation of such a mechanism, the administration of an anticholinesterase would be expected to potentiate the observed responses. In eight experiments, eserine (0.5 mg/kg) was administered and found not to affect the duration or magnitude of the ventricular augmentation.
Ten experiments were also carried out with pacing electrodes attached to the right ventricle and driving the heart at a rate slightly in excess of that established by the S-A node. Application of the Satinsky clamp induced the expected alterations in intracardiac pressures, and stimulation of the cervical vagus elicited augmentation in both the right and left ventricle with no acceleration in heart rate. Thus, with or without cardiac acceleration, the augmentor influence of fibers within the cervical vagosympathetic trunk was repeatedly demonstrated. Table 1 summarizes evidence for the presence of fibers within the cervical vagosympathetic trunk which have a sympathetic-like action upon the four chambers of the heart. Heart rate changes proved highly significant (P = .001) during stimulation of the right trunk. Cardiac acceleration was elicited in all but 3 animals during stimulation of the left trunk. These data presumably reflect differential distribution of accelerator fibers to the sino-atrial node. However, in certain individual animals, accelerator responses to left vagosympathetic stimulation were fully as striking as those elicited during excitation of the right, thus demonstrating important variability from animal to animal. This is, of course, analagous to the variability noted in the negative inotropic action of the two vagi, as well as the excitatory action of the right and left stellate ganglia. Augmentation in atrial (a-wave) contraction was a variable accompaniment to vagosympathetic stimulation, and frequently occurred simultaneously in right and left atria. Significance was demonstrated, however, in only the left atrium during right trunk stimulation (P=.01). Decreasing mean atrial pressures were occasionally seen, particularly when ventricular pressures were markedly augmented. Elevations in a-wave amplitude were generally accompanied by increased rate of rise (dP/ dt) in intra-atrial pressures, but (-his was of relatively small magnitude and was not convincing evidence of direct inotropic action. Care was taken not to measure dP/dt in atrial pulses occurring during contraction against closed A-V valves.
Cardiac Chamber Responses to Vagosympathetic Stimulation
Review of intraventricular systolic pressures in Table 1 do not prove the absence of simultaneous pulmonary' vasomotor participation in the response, and this phenomenon may contribute to the observed variability. Without exception, the right ventricle showed a positive inotropic response to vagosympathetic stimulation after atropine, although the left ventricle did not always do so. In some instances, in fact, there was slight to moderate decrease in left ventricular systolic pressure. No clear statistical distinction between responses to left or right vagosympathetic trunks could be demonstrated, although in a few animals such differences were consistently and strikingly evident. There was reasonable correspondence between maximal systolic pressures and the appearance of increased rate of rise in intraventricular pressures, although tests for significance were less convincing in the latter than in the former.
Discussion
The well-known elevation in arterial blood pressure elicited by stimulation of the vagosympathetic trunk after atropine is generally explained on the basis of moderate cardiac acceleration. However, four-chamber preparations revealed important differential changes in pressures that occurred in the absence of acceleration (Figures 1 and 2 ) and in paced preparations in which rate was maintained constant. Although sympathetic pathways coursing from the superior cervical ganglion to the heart have been reported previously, there is little documented evidence of their direct action on ventricular function. Neither have we been able to locate evidence for different distribution of vagosympathetic fibers to each of the four cardiac chambers. Gross anatomical evidence for autonomic innervation of the ventricles is extremely difficult to obtain, and the differentiation of sympathetic from parasympathetic fibers by histological means is even more difficult. However, there is accumulating indication of such differential innervation arising from selective surgical extirpation of segments of the autonomic innervation of the heart followed by combined histological and CircuUitom Rtsunh, Vol. XX, Mty 1967 histochemical examination at suitable intervals after fiber degeneration (17, 18) .
Nonuniform distribution of vagal fibers to the atrium has been reported (19) and confirmed (20, 21) . The description of sympathetic distribution to the four chambers of the heart has also been reported and confirmed (22) (23) (24) . The intermingling of sympathetic with parasympathetic fibers at or distal to the caudal cervical ganglion results in predictable difficulty in separating these fibers in or near the heart. The demonstration of efferent vagosympathetic fibers having direct sympathetic (or sympathetic-like) action on the ventricles suggests an active outflow from the superior cervical ganglion, although the distinct possibility of synaptic connections between pre-and postganglionic fibers within the vagus trunk itself is very real. In fact, we have observed distinct nests of ganglion cells within the body of the vagus in animals in which the superior cervical ganglion has been chronically removed. Even here the difficulty of positively identifying and differentiating sympathetic from parasympathetic cells remains.
In a majority of animals the predominant outflow of "sympathetic" fibers contained within the cervical vagosympathetic trunk, as judged by the response to electrical stimulation, appeared to be to the right ventricle and to the S-A node. Alterations in atrial and left ventricular pressures were significantly less than in the right ventricle. This is in marked contradistinction to the outflow of sympathetic fibers from the stellate and caudal cervical ganglia in which the predominant influence is upon the S-A node and the left ventricle (22, 24) . There is also general agreement that maximal increases in force of ventricular contraction are elicited from stimulation of the left stellate ganglion, whereas the present report describes a more prominent response to stimulation of the right vagosympathetic trunk. In neither instance are these observations invariable, but they are of sufficient distinction to be convincing. Remarkably important tonic cardiacsympathetic impulses are now known to fun-nel through the stellate ganglion (24, 15) and the specific implications of the regulation of ventricular contraction by the baroreceptive mechanisms have been well documented (25) (26) (27) . The central nervous control of cardiac function is almost invariably related exclusively to postganglionic pathways arising within the stellate or caudal cervical ganglion (28) . However, the present observations make it necessary to consider the role of the superior cervical ganglion. There are no thoroughly documented sources of preganglionic fibers save those arising within the upper thoracic ganglion chain, but the possibility of direct cranial outflows via medullary vagal rootlets (14) or directly from preganglionic fibers within the anterior roots of the lower cervical segmental nerves (29) must be considered.
It is highly possible that sympathetic fibers contained within the cervical vagosympathetic trunk may supply the pulmonary vascular bed and may account in part for the preferential elevation in right ventricular pressure during their stimulation. This is a particularly attractive interpretation of those experiments in which right ventricular pressure rose markedly while left ventricular pressure remained unchanged or actually declined. Thus, flow through the lungs may actually decline with lesser delivery of blood to the left heart. However, in those experiments in which pressure rises in both ventricles, such interpretation is unnecessary, and in the isovolumetric preparation (cross-clamping experiments) there can be no question concerning the functional existence of direct inotropic fiber supply to the ventricles. It appears equally certain that in most animals there is a greater density of such fibers in the right vagosympathetic trunk and that there is greater distribution of these fibers to the right ventricle. Abolition of their augmentor action in the ventricles by propranolol strengthens the argument that they are adrenergic in nature, and that they function in a manner quite similar to that shown by adrenergic fibers from the stellate ganglion.
Hollenberg et al. (10) observed a biphasic response of the ventricle during intracoronary infusion of acetylcholine and Levy et al. (15) noted similar (but considerably less marked) rebound in left ventricular pressure after vagal stimulation. In some of the present experiments, biphasic responses were elicited by vagosympathetic stimulation prior to the administration of atropine, but as in Levy's experiments, these were generally not marked. Such poststimulation enhancement of contractility may be interpreted to be the result of cholinergic release of myocardial catecholamines, which in turn induces augmentation in contractility (6, (30) (31) (32) . The data of Hollenberg et al. indicate that acetylcholine exerts both positive and negative inotropic effects which appear to be independent of catecholamine release. However, the excitatory action of acetylcholine in their experiments was blocked by atropine, which was not true for vagosympathetic stimulation in the present study. Therefore, such a mechanism does not account as fully for observed responses as would the participation of direct sympathetic (adrenergic) augmentor fibers coursing in the vagosympathetic supply to the ventricular musculature. The unmasking of distinct augmentor response by atropine, and its marked attenuation by beta-blocking agents further suggest the functional operation of such innervation. In a relatively small number of animals, the population of cardioinhibitory fibers in the left vagus may be so small that electrical stimulation of the cervical vagus may induce acceleration and augmentation even in the absence of atropine blockade (33).
Buccino et al. recently exposed isolated cat atria and papillary muscle preparations to varying concentrations of acetylcholine and nicotine (34) . These authors deduced that the "sympathetic-like" effect of acetylcholine in their preparation need not be explained by a norepinephrine-releasing mechanism since the response remained intact in norepinephrine-depleted hearts. They proposed the existence of two distinct cholinergic receptors in the myocardium: (1) a muscarinic receptor intimately associated with vagal
